Muon spin rotation (µSR) experiments were performed on the intercalated graphite CaC 6 in the normal and superconducting state down to 20 mK. In addition, AC magnetization measurements were carried out resulting in an anisotropic upper critical field H c2 , from which the coherence lengths ξ ab (0) = 36.3(1.5) nm and ξ c (0) = 4.3(7) nm were estimated. The anisotropy parameter γ H = H ab c2 /H c c2 increases monotonically with decreasing temperature. A single isotropic s-wave description of superconductivity cannot account for this behaviour. From magnetic field dependent µSR experiments the absolute value of the in-plane magnetic penetretion depth λ ab (0) = 78(3) nm was determined. The temperature dependence of the superfluid density ρ s (T ) is slightly better described by a two-gap than a single-gap model.
I. INTRODUCTION
The field of graphite intercalation compounds (GICs) gained attention after the discovery of the superconductor CaC 6 with a rather high value of the superconducting transition temperature T c ≃ 11.5 K [1] . Superconductivity in GICs was first reported in the potassiumgraphite compound KC 8 with T c ≃ 0.14 K [2] . Until the discovery of the superconductor CaC 6 the highest T c was observed in KTl 1.5 C 5 with T c ≃ 2.7 K, synthesized under ambient pressure [3] . However, high pressure synthesis was found to increase T c up to 5 K in metastable compounds such as NaC 2 and KC 3 [4, 5] . According to experimental and theoretical work CaC 6 can be described as a classical BCS superconductor with a single isotropic gap ∆ 0 ≃ 1.7 meV [6, 7] . The upper critical field H c2 shows a remarkable anisotropy with zero temperature values µ 0 H c c2 (0) ≃ 0.3 T and µ 0 H ab c2 (0) ≃ 1.9 T, for the external field H parallel to the c-axis or parallel to the ab-plane, respectively [8] . A recent ARPES study indicated the existence of a possible second superconducting gap [9] with a small zero temperature value ∆ 0,2 ≃ 0.2(2) meV. Tunneling experiments [10] gave strong indications for the existense of a superconducting anisotropic s-wave gap in CaC 6 , providing different zero temperature gap values for changing current injection directions, ∆ c 0 ≃ 1.7 meV and ∆ ab 0 ≃ 1.44 meV. The muon-spin rotation (µSR) technique is a powerful method to characterise the superconducting gap symmetry in superconductors [11] . µSR measurements down to very low temperatures may allow to access a possible second small gap, which should manifest itself in the low temperature superfluid density in terms of an inflection point [11] . A recent µSR study [12] supports a single gap isotropic s-wave description of superconductivity in CaC 6 , although the low temperature region was not studied. In this work we present extended measurements down to 20 mK and investigate possible order parameter symmetries (singlegap isotropic s-wave, single-gap anisotropic s-wave, two-gap isotropic s-wave) by means of µSR experiments.
II. EXPERIMENTAL RESULTS
CaC 6 samples were prepared from Highly Oriented Pyrolytic Graphite (HOPG, Structure Probe Inc., SPI-2 Grade) and calcium metal (Sigma Aldrich, 99.99% purity) by means of the molten alloy method. The detailed preparation procedure is described elsewhere [13] .
In order to reduce the melting point of the calcium, lithium (Sigma Aldrich, 99.9% purity) was added. The atomic ratio 3:1 of calcium and lithium was measured in a stainless steel reactor under argon atmosphere. The molten alloy was cleaned in the glove-box. After immersing the graphite pieces the reactor was tightly sealed. Intercalation at 350 0 C was carried out in an industrial furnace for 30 days. The resulting sample's color is gold and the surface possesses a shiny metallic lustre. The final sample is a superconductor with an onset temperature T c ≃ 11.2 K, in reasonable agreement with earlier studies [1, 6, 7] .
To characterise our sample we carried out detailed AC magnetization measurements presented in Fig. 1 . The AC component of the applied magnetic field was 1 mT at 1 kHz. were determined from AC magnetization using the procedure illustrated in Fig. 1a . The upper critical field is anisotropic and follows the temperature dependence as reported in Refs. [8] and [14] . In the framework of the anisotropic Ginzburg-Landau theory the upper critical field for H||c and H||ab is given [8] , or susceptibility studies (ξ ab (0) = 35 nm and ξ c (0) = 13 nm) [15] . Remarkably, the upper critical field H ab c2 shows a positive curvature in the studied temperature region which was not observed in previous investigations. A similar positive curvature was observed near T c in MgB 2 [16] where it was explained by a two-gap model. µSR experiments were carried out at the πM3 beamline using the GPS (General Purpose Spectrometer) and the LTF (Low Temperature Facility) spectrometers at the Paul Scherrer Institute PSI Villigen, Switzerland. Six pieces of CaC 6 forming an area of ≃ 10x14 mm 2 were used in the experiment. In the intercalation process the Ca atoms penetrate from the side of the graphite sample and diffuse along the ab-plane. Reducing the sample size in the ab-direction favors Ca diffusion, and consequently leads to a higher sample quality than just using one large piece. For the LTF experiments the samples were glued on a silver plate with the help of Apiezon N grease and covered by silver coated polyester foil. In contrast, for the GPS experiments the samples were supported between the two arms of a specially designed fork by means of kapton tape. This technique allows only the incoming muons that stop in the sample to be counted, and therefore the background signal is reduced. The magnetic field (80 mT) was applied along the crystallographic c-direction at 15 K well above T c . Then the sample was cooled down to the lowest temperature (20 mK for the LTF spectrometer), and µSR spectra were recorded with increasing temperature. The same procedure was applied in the GPS spectrometer, down to the lowest temperature of 1.6 K available in this device. The initial spin polarization of the implanted muons is perpendicular to the applied magnetic field H. The µSR experiments were performed at H > H c c1 so the sample was in the vortex state. Magnetic field dependent measurements were performed in the GPS spectrometer. At each magnetic field H the sample was warmed up to 15 K (well above T c ), a µSR time spectrum was recorded, then it was cooled down to 1.6 K, and another µSR time spectrum was taken.Before and after the µSR experiments the same piece of CaC 6 was measured in the AC susceptometer, comparing the two measurements we observed no difference.
In the vortex state of a type II superconductor the muons probe the local magnetic field distribution P (B) due to the vortex lattice [18] . From the second moment ∆B relation ∆B
ab (C is a field dependent quantity) from which the superfluid density ρ s ∝ λ −2 ab can be determined [19] . Thus, µSR provides a direct method to measure the superfluid density in the mixed state of a type II superconductor. Figure 2a shows the µSR asymmetries A(t) recorded in LTF in zero magnetic field above T c and at 20 mK. The two time spectra overlap, indicating the absence of any kind of magnetic order in the sample and in the sample holder. The time dependence of the asymmetry can be described by the static Kubo-Toyabe formula, showing only the presence of randomly distributed nuclear magnetic moments, but no realization of magnetism. Figure 2b shows the µSR asymmetries taken at 15 K well above T c ≃ 11.5 K and at 20 mK in a field of 80 mT. A clear damping of the µSR signal at 20 mK due to the presence of the vortex lattice is visible. For a detailed description of µSR studies of the vortex state in type II superconductors see, e.g. [18] . The µSR time spectra were fitted to the following expression:
+A Ag cos(γ µ B Ag + φ)
Here the indices SC, bg and Ag denote the sample (superconductor), the background arising from non superconducting parts of the sample and the non-relaxing silver background, respectively. A denotes the initial asymmetry, σ is the Gaussian relaxation rate, γ µ = 2π · 135.5342 MHz/T is the muon gyromagnetic ratio, B is the internal magnetic field, and φ is the initial phase of the moun-spin ensemble. A set of µSR data were fitted simultaneously with A SC , A bg , A Ag , B bg , B Ag , σ bg , and φ as common parameters, and B SC and σ SC as free parameters for each temperature. The same expression was used to analyse the data recorded with the GPS spectrometer (where no silver background signal is present).
To analyze the magnetic field dependent µSR measurements B SC was a free parameter in Eq. (2) since it depends on the applied field.
The analysis of the field dependence of the measured µSR relaxation rate σ SC ∝ ∆B 2 allows to estimate the absolute value of the in-plane magnetic penetration depth λ ab , assuming that CaC 6 can be described as a single isotropic s-wave gap superconductor. The measured values of σ SC are plotted in Fig. 3 . To analyze our data we used the formula developed by Brandt [19] :
Although the formula was derived for high κ type II superconductors (κ ≥ 5), it was suggested to work also for low values of κ at magnetic fields B/B c c2 ≥ 0.5 [12] . From the measured µSR relaxation rates σ SC and Eq. (3) It is generally assumed that the superfluid density ρ S is related to the in-plane magnetic penetration depth λ ab by the simple relation ρ S ∝ λ −2 ab . However, for magnetic fields close to B c2 this proportionality must be corrected because the order parameter ψ (r) is reduced due to the overlapping vortices. In this case the spatial average of the superfluid density is given by [12] :
where ... means the spatial average. Values of λ −2 ab were calculated using Eq. (3) and for the values of B c c2 we used the results of our AC magnetization measurements (see Fig. 1b) . The temperature dependence of the superfluid density ρ s (T ) determined at 80 mT is plotted in Fig. 4 . We analyzed ρ s (T ) using three different models: i) single-gap isotropic s-wave ii) single-gap anisotropic s-wave, and iii) two-gap isotropic s-wave. To calculate the temperature dependence of the magnetic penetration depth within the local approximation (λ ≫ ξ)
we applied the following formula [20, 21] :
where ρ S (0) is the zero temperature value of the superfluid density, [22] . For the isotropic s-wave gap i) g s (φ) = 1 and for the anisotropic s-wave gap ii) g s An (φ) = (1 + a cos 4φ) / (1 + a), where a denotes the anisotropy of the gap. The two-gap fit was calculated using the so called α-model and assuming that the total superfluid density is the sum of the two components [21, 22] : [9] . Our larger gap value is significantly smaller (∆ 0,1 = 1.9(2) meV). It is worth to mention that the applicability of the two gap model at this magnetic field (80 mT) is questionable. The gap magnitude scales with the upper critical field,
, resulting B 2 c2 ∼ 12 mT which is much smaller than the applied magnetic field. Although the best agreement is found for the two-gap scenario, no final conclusion can be drawn from this analysis. All three scenarios describe well the observed temperature dependence of the superfluid density. For a direct comparison with Ref. [12] we omitted the values of ρ s (T ) below 2 K. In this case the single s-wave gap fit yields [8, 15] . We found that the upper critical field anisotropy γ H = H ab c2 /H c c2 increases with decreasing temperature. From magnetic field dependent µSR experiments the absolute value of the in-plane magnetic penetration depth was determined to be λ ab ≃ 78(3) nm, in agreement with previously reported values [7, 12] .
Furthermore, low temperature µSR experiments were performed in order to map the whole temperature dependence of the superfluid density ρ s (T ). We analyzed the temperature dependence of ρ s with three different models: i) single-gap isotropic s-wave, ii) single-gap anisotropic s-wave, and iii) two-gap isotropic s-wave. All models describe the measured µSR data almost equally well, although a slightly better agreement was achieved using the two-gap model. 
